Populations of the endangered white-clawed crayfish (Austropotamobius pallipes) have rapidly declined in distribution and density in recent decades as a result of invasive crayfish, disease and habitat degradation. The species is thought to be particularly sensitive to water chemistry, and has been proposed as a bio-indicator of water quality. Here we detail the results of a systematic review of the literature regarding the chemistry of waterbodies inhabited by white-clawed crayfish, along with a wide-scale field study of the chemistry of crayfish-inhabited waterbodies in the UK. We use these data to examine potentially significant variables influencing crayfish distribution. Several variables appear to have thresholds that affect crayfish distribution; crayfish presence was associated with high dissolved oxygen, low conductivity, ammonium, sodium, and phosphate, and to a lesser extent low sulphate, nitrate, and total suspended solids. Some variables (magnesium, potassium, sodium, sulphate, nitrate, and total suspended solids) may be tolerated at moderate to high concentrations in isolation (indicated by the presence of some populations in high levels of these variables), but suites of chemical conditions may act synergistically in situ and must be considered together. Recent efforts to conserve white-clawed crayfish have included relocations to Ark Sites; novel protected habitats with reduced risk of the introduction of disease, invasive crayfish and habitat degradation. We use our findings to propose the first detailed guidelines for common water chemistry variables of potential Ark Sites for the conservation of the species throughout its European range.
RÉSUMÉ
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INTRODUCTION
The white-clawed crayfish (Austropotamobius pallipes) has a widespread distribution throughout Western Europe, with significant numbers found in Britain Kouba et al., 2014) . Despite its wide range, many populations have been lost or dramatically reduced in size in recent decades as a result of crayfish plague, competitive exclusion by invasive non-native crayfish, and habitat degradation (e.g. Gherardi and Holdich, 1999; Holdich et al., 2009) . Whilst some populations of A. pallipes have been found in relatively low quality water bodies , presence of the species is generally reported to be associated with water of 'good' quality; typically, moderately alkaline, low in pollutants, and non-eutrophic waters (e.g. Holdich and Reeve, 1991) . The use of A. pallipes as a bioindicator species, however, has been debated, since some tolerance to pollutants may exist (see Füreder and Reynolds, 2003; Talley and Dagget, 2006) . A. pallipes has been included in the IUCN Red Data List, and is currently listed as endangered (IUCN, 2011) . It is also included in Annexes II and V of the European Habitats Directive (Council Directive 92/43/EEC on the Conservation of natural habitats and of wild fauna and flora), with an implicit requirement for the establishment of protected areas for their protection (Special Areas of Conservation), and Appendix 2 of the Bern Convention. Various forms of Environment Agency and Natural England licensing exist in the UK to protect the species from detriment. Conservation efforts to maintain populations of A. pallipes in the wild in Britain have recently focussed on relocation of threatened populations. The species is threatened from crayfish plague (Aphanomyces astaci), which has caused the loss of numerous populations, and also from habitat degradation and competition with invasive, non-native crayfish. Animals are removed from areas where risk of infection by crayfish plague, competitive exclusion by invasive non-native crayfish, and population decline due to habitat degradation are high, and placed into habitats that are assessed to have minimal risks from these factors. Such relocation has been termed Ark Site conservation and has undergone substantial public review to produce management guidelines for Ark Site conservation in the UK (Kemp et al., 2000; Peay, 2003 Peay, , 2009 Whitehouse et al., 2009) . However, water chemistry guidelines would be strengthened considerably by a detailed examination of typical water chemistry conditions for the species in its European and British ranges. This has yet to be undertaken 01p2 beyond a regional scale (e.g. Smith et al., 1996; Favaro et al., 2010) . Such analysis would allow conservation managers to assess the suitability of potential Ark Sites by relating their water chemistry to the known range of variables from the species' natural range. A degree of suitability can then be attached to these Ark Site water chemistry variables based on their frequency of occurrence in the wild. Until recently, Austropotamobius pallipes was referred to as a species complex, consisteing of several subspecies in Western Europe. It has now, however, been reclassified as two distinct species ; A. pallipes in the British Isles and France, and several subspecies of A. italicus in the rest of its range (including Spain and Italy). Since the species are similar in their morphology and habitat requirements and only genetic analysis has shown them to be separate, we include A. italicus in this review (clearly stated as a different species where referenced) to make the best use of limited evidence. Other recent work has been published which aims to link crayfish distributions to the macroinvertebrates on which they feed (e.g. Grandjean et al., 2011; Trouilhé et al., 2012; Jandy et al., 2014) . We have chosen to focus instead on water chemistry variables due to the ease with which water samples can be taken and the high level of measurement accuracy attainable. We recognise the merits of studies examining macroinvertebrate prey species distributions with respect to crayfish presence, however. Herein, we present the findings of an analysis of the evidence regarding water chemistry in sites inhabited by A. pallipes in Europe. We also present results of an observational field study of water chemistry in 18 sites inhabited by the species in Britain. We identify variables that may be affecting the distribution of A. pallipes and suggest guidelines for the selection of potential Ark Sites for conservation of the species in Britain.
METHODS

> SYSTEMATIC LITERATURE REVIEW
Literature searches were carried out using Web of Science (including Web of Science Core Collections, Biosis Previews, MEDLINE, SciELO Citation Index, and Zoological Record) on 13/09/14 for water chemistry associations of A. pallipes. The following search string was used for A. pallipes water chemistry associations: ("austropotamobius pallipes" OR white-claw* OR "white claw*" OR whiteclaw*) AND (chemistry OR conductivity OR ammoni* OR nitrate OR nitrite OR phosphate OR chloride OR magnesium OR calcium OR conduct* OR potassium OR sodium OR sulphate OR "dissolved oxygen" OR pH OR TSS OR "total suspended solid"). These water chemistry variables were chosen from an initial assessment of commonly examined variables in the literature. Search results were assessed for relevance in a three-tier approach; title, abstract, and full text. Potentially relevant references were also assessed from within identified articles. Additional relevant articles not found through searches were added using a "snowballing" technique (Jalali and Wohlin, 2012) , whereby the reference lists of relevant articles were scanned for further relevant studies. In order to produce values with which to compare waters inhabited by A. pallipes, mean values reported for major global and European rivers were collated from the literature. The following water chemistry variables for global and European rivers were obtained from Berner and Berner (1996) ; calcium, magnesium, sodium, potassium, chloride, and sulphate. Values for conductivity, dissolved oxygen, ammonium, nitrate, total dissolved solids, pH, and phosphate were obtained from an independent review of the literature on 24/08/2012. Twenty-two additional articles (see Appendix 1 for details) were identified from a search of the literature on global and European rivers using Web of Science. These articles were reviewed and data on the water chemistry variables described above were extracted to generate means and ranges. In addition, representative values for rivers in the United Kingdom were obtained from the Harmonised Monitoring Scheme, a Defra and CEH initiative to monitor water chemistry. 15 regions across England and Wales were chosen as representative regions also currently/previously inhabited by A. pallipes (see Appendix 2 for details of data and their sources). Reported water chemistry variables have been converted to mg·L −1 , with the exception of conductivity (µS·cm −1 ). Most authors have provided a mean, and a maximum and minimum (range) for the rivers examined, whilst some have presented only means or ranges. Graphed global, European and UK values are presented as ranges of means (mean mean, minimum mean, and maximum mean), rather than ranges in absolute values. This method allows discriminatory ability between these values and those for crayfish-inhabited waters. Since global and European values presented are ranges of means, some concentrations for crayfish-inhabited waters may therefore exceed these ranges.
> WATER CHEMISTRY ANALYSIS OF UK POPULATIONS
Water chemistry was recorded at 18 sites known to be inhabited by A. pallipes (see Table I ) throughout the Midlands and North England between May and October 2009. Potassium, magnesium, calcium, sodium, chloride, nitrate, sulphate, and phosphate were measured from water samples analysed at the University of Leeds. Dissolved oxygen was measured on-site. Samples of filtered (0.45 µm) water were frozen and run through a Dionex ion chromatograph (ICS-90 machine) and gas diffusion flow injection analysis on FIA (ammonium only). Integration was then examined for each sample, and peaks adjusted if necessary to increase accuracy. Without detailed long-term study, it is impossible to identify whether the absence of A. pallipes from a water body is due to local extinction or to historical absence. For this reason, presence/absence comparisons were not carried out in this study. Descriptive statistics (means and ranges) were produced and used to compare with European and global means in order to identify potential patterns in A. pallipes-inhabited waters.
RESULTS
Searches in Web of Science using the crayfish and water chemistry search string resulted in 155 hits. Thirty-two results remained after title-and abstract-level screening, and 23 following full text screening. A total of 23 articles were found to present water chemistry data for at least one variable in waters inhabited by A. pallipes across Europe (Wales, England, 01p4 N.R. Haddaway et al.: Knowl. Managt. Aquatic Ecosyst. (2015) Berner and Berner (1996) and an independent review of the literature. See Figure 1m for author codes.
Figure 1 a-f. Cited levels (mean and range) of major water chemistry variables in waters inhabited by A. pallipes, along with means for European (ER) and worldwide (WR) rivers obtained from
Ireland, France, Germany, Spain, Italy, Bosnia and Herzegovina and Croatia). Three studies referred to the species Austropotamobius italicus, which was reclassified from Austropotamobius pallipes italicus . These studies have been included here because of the species' significant phylogenetic similarities . One article modelled water chemistry variables in waters inhabited by A. pallipes but did not present the data or summary statistics and could therefore not be included (Favaro et al., 2011) . Means and/or maxima and minima were extracted from sources and are presented in Figure 1 (see Appendix 3 for summary data used in these figures). Berner and Berner (1996) and an independent review of the literature. See Figure 1m for author codes.
Figure 1
Continued. g-l. Cited levels (mean and range) of major water chemistry variables in waters inhabited by A. pallipes, along with means for European (ER) and worldwide (WR) rivers obtained from
The data from the review of water chemistry for waters inhabited by A. pallipes are presented in Figure 1 and results of the water chemistry analysis of UK waters are presented in Table II .
> CONDUCTIVITY
All populations of A. pallipes reported in the literature lie in the lower range of conductivity reported for UK, global and European rivers ( Figure 1a ). Waters with conductivity above 700 µS·cm −1 are typically polluted or brackish/saline. Two studies reported levels in excess of Berner and Berner (1996) and an independent review of the literature. Author codes, years, and locations presented for preceding graphs.
Figure 1
Continued. m. Cited levels (mean and range) of major total suspended solids (TSS) in waters inhabited by A. pallipes, along with means for European (ER) and worldwide (WR) rivers obtained from
this threshold; Demers and Reynolds (2002) in Ireland, and Nardi et al. (2005) in Italy (although, this was A. italicus).
> MAGNESIUM [Mg
2+ ]
The wide range of values of magnesium concentration in rivers inhabited by the white-clawed crayfish suggests little association with waters of specific magnesium concentration (i.e. high or low) ( Figure 1b ). For example, Broquet et al. (2002) , Smith et al. (1996) , and Favaro et al. (2010) found populations in waters of higher magnesium concentration than the ranges reported for European river means. These higher values lie within the range of global means for magnesium concentration, however. The results from our field survey concur with this lack of association, with minimum and mean values falling well within cited levels and major European river ranges. One site, Trench Pool, had extremely high magnesium (28.8 mg·L −1 ). This site is known to suffer from urban pollution, despite possessing a substantial population of A. pallipes (pers. obs.). The site is an actively used fishing reservoir in an urban area of Trench, Shropshire. An old noticeboard at the entrance to the site warns users of the risks of bluegreen algal blooms, but it is unknown whether this is a current or historic concern. However, other sites did not exceed 12 mg·L −1 .
> CALCIUM [Ca 2+ ]
A. pallipes populations have been found across the range of European means of calcium concentration. Some authors suggested that the species is associated with concentrations in the lower range of European means (Rallo and Garcia-Arberas, 2002; Reyjol and Roqueplo, 2002) . Others, for example Broquet et al. (2002) , noted crayfish in higher concentrations than the range of European means, but with values that fell within the range of global means. It has been suggested that a lower limit of 5 mg·L −1 calcium concentration restricts the presence of A. pallipes (Greenaway, 1974) , as supported by observations of Jay and Holdich (1981) and Smith et al. (1996) (Reyjol and Roqueplo, 2002) and one as low as 1 mg·L −1 (Trouilhé et al., 2003) . Crayfish can, therefore, evidently survive below the proposed 5 mg·L −1 threshold. However, the majority of populations have been found at calcium concentrations greater than 5 mg·L −1 (Figure 1c ) and lie close to the range of cited means for European rivers. Our results also show little evidence of association, being similar to major European rivers and many of the cited studies. The minimum calcium concentration found in the UK A. pallipes-inhabited sites in our study was 7.4 mg·L −1 , in accord with a lower limit of 5 mg·L −1 .
> POTASSIUM [K + ]
Populations of A. pallipes have been found in water with potassium concentrations similar to those of mean global and European waters (Figure 1d ) with two studies finding populations associated with concentrations in the lower ranges of global and European means (Rallo and Garcia-Arberas, 2002; Trouilhé et al., 2007) . Given the wide range of potassium concentrations found in waters inhabited by A. pallipes, no association for specific potassium concentrations can be identified. Similarly, our field results found no evidence for an association of A. pallipes with specific potassium concentration, and resemble both major European and global rivers.
> AMMONIUM [NH + 4 ]
A. pallipes populations have all been found in rivers containing low concentrations of ammonium relative to cited means for UK, European and global rivers (Figure 1e ), although three studies reported much higher ranges than the others (Foster, 1995; Rallo and Garcia-Arberas, 2002; Favaro et al., 2010) . This may indicate an intolerance to high ammonium levels in accordance with known toxicity of the ion to aquatic organisms. However, the toxicity study of Meade and Watts (1995) suggests that crayfish may not be so sensitive to ammonium alone, but to the combined effects of ammonium and nitrate or nitrite. Our field study also found ammonium concentrations in crayfish-inhabited waters to lie in the lower range of UK, European and global rivers. Our mean ammonium concentration was highly influenced by one site, the River Derwent, with relatively elevated ammonium. However, this site was suffering from seasonal flooding, with rotting leaf litter the likely cause of raised ammonium concentrations (Baldy et al., 2007) .
Populations of A. pallipes reported in the literate have only been found in the lower range values for European and global river means for sodium, as shown in Figure 1f . This may indicate a low tolerance for elevated sodium concentrations. However, UK river sodium levels reported by the Harmonised Monitoring Scheme are very similar to those reported for crayfish in the literature. Surprisingly, our field study found levels of sodium at 5/18 of the sites to be higher than previously cited levels for A. pallipes, and one site, Trench Pool, had levels well above the mean values for major European and global rivers. other than a lack of populations in high chloride concentrations typical of polluted water. Our field results concur with this finding despite some populations occurring in concentrations above other published studies. Nevertheless, we found crayfish populations in waters with low chloride concentration relative to UK, European and global rivers.
> CHLORIDE [Cl
> SULPHATE [SO
2− 4 ]
The majority of A. pallipes populations have been found inhabiting waters with sulphate concentrations lower than those reported for major European rivers (Figure 1h) , with two notable exceptions; in Italy (Favaro et al., 2010) and Spain (Rallo and Garcia-Arberas, 2002) . Other studies appear to have found an association of the species with low concentrations of sulphate relative to European and global rivers, however (but similar to values reported in the Harmonised Monitoring Scheme). This suggests an association with low levels, but tolerance to moderately elevated sulphate concentrations. Our study found extremely high levels of sulphate in one site, Trench Pool, which has been shown to suffer from significant urban pollution. Another site, Pinfold Dam, also showed very high concentrations of sulphate (maximum of 113.9 mg·L −1 ).
> OXYGEN (DO)
Some populations of A. pallipes are found in waters of high oxygen levels ( Figure 1i ). However, several studies (e.g. Trouilhé et al., 2007) also found populations to persist at concentrations lower than the means cited for European rivers. It appears that there may be a lower threshold for dissolved oxygen concentration below which crayfish are not found (i.e. c. 3−3.5 mg·L −1 ). Some sites within our study might suggest that A. pallipes is associated with elevated dissolved oxygen, but we also recorded low DO in some sites (e.g. 4.5 mg·L −1 in the River Derwent, which was flooded at the time, suggesting that low DO may have been temporary).
> NITRATE [NO −
]
The majority of A. pallipes populations have been found in waters below or close to the average UK, European and global river means for nitrate (Figure 1j ). Three notable exceptions relative to European rivers have been documented, however. Broquet et al. (2002) , Trouilhé et al. (2003) and Trouilhé et al. (2007) have reported some French populations of A. pallipes to inhabit waters with substantially higher nitrate concentrations than other authors. Our field survey found a range of nitrate concentrations in waters inhabited by A. pallipes very similar to those of European rivers. Five sites had nitrate concentrations greater than 10 mg·L −1 , with three of these exceeding 15 mg·L −1 .
> PHOSPHATE [PO
3− 4 ]
Figure 1k displays phosphate concentrations of waters inhabited by A. pallipes. Most populations have been found at low phosphate concentrations relative to UK and European rivers, but one study has found the species in concentrations at the higher end of UK and European river means in Italy (Favaro et al. , 2010) . Our study found English populations in water with low phosphate concentration. Populations were found in a narrow range that lies below those found in some published studies.
01p10
> PH
A. pallipes populations are found in the literature across a range of pH values (e.g. pH 6.0 to 9.2 in Britain; Jay and Holdich, 1981) (Figure 1l) . These values lie around the range of cited means for UK and European rivers, but lie in the higher range of means for global rivers. Populations were not found to occur in water of pH below 6.0.
> TOTAL SUSPENDED SOLIDS (TSS) AND SILTATION
Only four studies have investigated total suspended solids (TSS) levels in waters inhabited by A. pallipes (Figure 1m ). Whilst three of these reported populations in levels lower than the average of European and global river means (Foster, 1995; Broquet et al., 2002; Trouilhé et al., 2003) , one study found populations persisting in water with concentrations of TSS up to 489.3 mg·L −1 (Trouilhé et al., 2007) , far higher than the means found in a review of European and global river chemistry. This maximum refers to one site inhabited by crayfish. No information exists regarding the long term status of this population, and this level of TSS may be a result of habitat degradation. A laboratory study by Rosewarne et al. (2014) found that levels above 500 mg·L −1 resulted in gill fouling in all exposed crayfish (A. pallipes), whilst 250 mg·L −1 was associated with fouling in 92% of exposed individuals. However, the same study did not find any reduction in survival over 45 days in concentrations up to 1000 mg·L −1 , indicative of at least short-term tolerance for extremely high levels. The other six sites in the study lie well within the range of European river means. It therefore seems apparent that crayfish can persist in waters with a range of TSS. No conclusions, however, can be made about the adverse effects of siltation on A. pallipes distribution. Elevated TSS levels in waters inhabited by crayfish populations in France (Trouilhé et al. , 2007) are associated with elevated nitrate and potassium concentrations, and a lower range of pH values. This is indicative of more polluted waters, and lends support for some populations of A. pallipes persisting in lower water quality for certain variables.
DISCUSSION
A summary of the conclusions from the review and water chemistry analysis is shown in Table III . A. pallipes appears to be fairly tolerant to a range of conditions for of a number of water chemistry variables. Rallo and Garcia-Arberas (2002) carried out multivariate analyses of a variety of variables for waters inhabited and uninhabited by crayfish in Spain. From their analysis sulphate and magnesium ions were the only factors that discriminated between crayfish presence/absence. In contrast, the current study indicates that the magnesium concentration of waters inhabited by crayfish is similar to the range of European means, and is unlikely to influence the distribution of crayfish populations. Similarly, A. pallipes does appear to associate with lower sulphate values than those reported for major European rivers. From our review of the literature and our field study, some factors that may be associated with crayfish presence relative to European and global means are: low conductivity; low ammonium; low sodium; low sulphate; low nitrate; low phosphate; and high dissolved oxygen. These variables can be grouped into those relating to anthropogenic inputs and those important for ecdysis and the production of the crustacean exoskeleton.
> HUMAN-INFLUENCED WATER CHEMISTRY
Conductivity is a correlate for nutrient load, and can indicate geology, watershed size, and the presence of mine waste or waste water (Goldenberg et al., 1984; García-Criado et al., 1999; Gucht et al., 2005) . A. pallipes populations appear to be associated with low values of conductivity relative to European and global means. It is likely that the observed association patterns reflect pollution, and that crayfish presence is also associated with low levels of other pollution-indicators.
Ammonium, a waste product of animal metabolism, is indicative of agricultural pollution resulting from fertiliser runoff and sewage and is toxic in high concentrations (Berner and Berner, 1996) . A. pallipes is associated in general with low ammonium concentrations: 8 of 10 studies found populations restricted to concentrations below 0.15 mg·L −1 .
The primary source of nitrate in freshwater ecosystems is surface runoff; from the application of fertilisers in agriculture, and runoff from waste disposal sites and industrial practices (Camargo et al., 2005) . Between one third (Meybeck, 1982) and two thirds (Wollast, 1993) of all riverine total dissolved nitrogen (NO − 3 and NH 4+ ) results from pollution. It is also generated in situ via the nitrification of ammonia in sewage (Abeliovich, 1985) . Toxicity of nitrate ions has been shown to occur via the conversion of oxygen carrying pigments (haemoglobin and haemocyanin) to forms that are unable to carry oxygen (methaemoglobin and methaemocyanin) (Camargo et al. , 2005) . Nitrate is less toxic to aquatic organisms than ammonia or nitrite (Romano and Zeng, 2007) . Nevertheless, nitrate concentrations of 10 mg·L −1 are detrimental to some freshwater invertebrates, fish, and amphibians (reviewed by Camargo et al., 2005) . Laboratory studies of tolerance demonstrate the ability of crayfish to withstand shortterm exposure to nitrate levels as high as 1000 mg·L −1 (Meade and Watts, 1995) , but these findings to not directly relate to long term tolerance in the wild. Whilst some studies have found A. pallipes to be associated with low concentrations of nitrate in the wild, three published studies along with the results herein show that populations can persist in very high nitrate levels.
Phosphorus, in the form of the inorganic phosphate ion, plays a vital role in the structure of DNA/RNA, the structure of cells (as phospholipids), and in energy transfer (as adenosine triphosphate or ATP), and is often a limiting nutrient in rivers and lakes (Elser et al., 2007) . On the other hand, elevated phosphorous as a result of fertilisers, industrial pollution, and deforestation may lead to eutrophication, particularly in lentic waters (Schindler, 1971) . A. pallipes populations are generally found in waters of low phosphate concentration relative to European river means and our field survey data concur with the majority of the literature to suggest that white-clawed crayfish are associated with low phosphate concentrations.
Chloride is linked with ammonium and sodium; elevated levels of all three variables are associated with polluted waters. Sodium is a vital component of all animal cells, being the primary cation of extracellular fluids. High sodium concentration, however, can cause elevated mortality and limit growth (Hamilton et al., 1975; Heath, 1977) . Sodium enters rivers via the weathering of halite (NaCl) and plagioclase (NaAlSi 3 O 8 ) rocks, from cyclic (sea) salt, and a substantial amount from pollution, such as domestic and industrial sewage and road salt (Meybeck, 1979) . Elevated sodium concentrations are associated with elevated chloride and ammonium levels, and are typical of polluted or saline waters. Chloride originates from a range of sources; (i) sea salt; (ii) halite (NaCl) weathering and subsequent dissolution; (iii) volcanic springs; (iv) saline crust dissolution in deserts; (v) pollution. It has been estimated that around 30% of chloride in the world's rivers is the result of pollution (Meybeck, 1979) . Populations of A. pallipes appear to be correlated with low concentrations of both sodium and chloride; these observations are in accord with work suggesting that the species may be sensitive to pollution from sewage or industrial effluent (e.g. Reynolds et al., 2002) .
Sulphate is a common ion in freshwater environments, but is generally found at low concentrations. There are two major sources of sulphate in rivers; weathering of rocks produces approximately 33 percent (Berner and Berner, 1996) and pollution produces approximately 54 percent (Meybeck, 1979) of global sulphate. Sources of sulphate pollution include acid rain, dry fallout, and fertilisers, particularly in European rivers (Oden and Ahl, 1978) . The majority of A. pallipes populations in Europe are found in waters with relatively low sulphate concentration relative to European and global means. Rallo and Garcia-Arberas (2002) , however, found populations associated with a wider range of sulphate concentrations, similar to those of European river means. Similarly, our field study found populations of A. pallipes in urban areas in relatively high concentrations of sodium, suggesting that the species is not particularly sensitive to sodium pollution alone. However, the species is associated with lower sulphate levels, and hence lower pollution, but does not indicate intolerance for levels typically observed in rivers throughout Europe.
A number of crayfish species (for example, Parastacus defossus and Procambarus clarkii) have been observed living in the very low or anoxic conditions associated with muddy habitats and are, to an extent, physiologically adapted to low dissolved oxygen (DO) conditions (reviewed by McMahon, 2002) . Relatively few studies have examined dissolved oxygen levels in waters inhabited by A. pallipes. Three studies found the species associated with high levels relative to European and global means, whilst Trouilhé et al. (2007) found crayfish across a wide range of DO concentrations. Our field results similarly demonstrate a wide range, but also support an association with elevated DO. The results of our review, however, may challenge the theoretical minimum dissolved oxygen tolerance of around 5 mg·L −1 (Trouilhé et al., 2007) . This suggests that whilst an association with raised DO may exist, the species is tolerant, to a certain degree, of lower values. Elevated hydrogen ion concentration (i.e. low pH) is toxic to many freshwater invertebrates (e.g. Bell, 1970) . Low pH is believed to result in reduced growth by impairing the conversion efficiency of food energy for use in growth (Lee et al., 1983) , and Seiler and Turner (2004) found growth rates of the North American crayfish Cambarus bartonii to be higher in neutral than in acidic waters. In laboratory studies, C. bartonii adults were found to have an LD50 at pH 2.43 (Distefano et al., 1991) . A. pallipes were shown in laboratory studies to suffer high mortality at pH less than 6.0 in long-term studies (Jay and Holdich, 1977) . The studies reviewed herein indicate that A. pallipes is tolerant of pH from 6 to 9.2, although populations are generally associated with pH from 7.5 to 8.5.
In nature, higher levels of individual variables may be associated with other variables that together result in toxicity and elevated mortality. For example, crayfish may be tolerant of high concentrations of ammonium alone, but in rivers, elevated ammonium may be associated with raised levels of other pollutants such as heavy metals, nitrate, sulphate, sodium, and chloride, and with low levels of dissolved oxygen. Therefore, whilst some studies have found an association of A. pallipes with low values of certain water chemistry variables, it may be a combination of several pollution-indicating variables that limit the distribution of the species.
> EXOSKELETONS AND ECDYSIS
Magnesium is an essential element required in crustacean integuments, and is required for successful ecdysis (moulting) (Jussila et al., 1995) . The crustacean exoskeleton is composed of chitin encrusted with calcium carbonate, making calcium another important metal ion in crayfish development (Roer and Dillaman, 1984) . Potassium is also used in animal physiology, including action potentials of neurons and membrane polarisation (Roer and Dillaman, 1984) .
Comparing magnesium values for waters inhabited by A. pallipes with those for European and global means suggests no discernable pattern. Whilst crustaceans have a requirement for magnesium, it is unlikely to be limiting in these environments. This is particularly indicated by the presence of crayfish in water with very low magnesium concentration. Various authors have suggested a lower limit of 5 mg·L −1 calcium concentration (Greenaway, 1974) , as supported by observations of Jay and Holdich (1981) in the British Isles, and Trouilhé et al. (2007) in France. Furthermore, laboratory manipulations involving Astacus astacus by Rukke (2002) showed stunted growth and reduced survival below 5 mg·L −1 calcium compared to that at 10 mg·L −1 . Survival of the Parastacid crayfish Paranephrops zealandicus was increased as the concentration of calcium in laboratory investigations exceeded 10 mg·L −1 (Hammond et al. , 2006) . However, survival of crayfish has been observed in waters with calcium concentrations as low as 2 mg·L −1 for Orconectes virilis (France, 1987) , and A. astacus (e.g. Jussila et al., 1995) . These observations suggest that calcium is not limiting crayfish distribution. Crayfish are found over a wide range of potassium concentrations and their distribution is therefore unlikely to be affected by potassium concentration within the rivers examined. However, extreme levels of potassium caused by pollution may still adversely affect crayfish. Further research is needed to rule this possibility out.
> RECOMMENDATIONS FOR CRAYFISH CONSERVATION
In general our results suggest that A. pallipes populations are restricted to habitats that do not receive significant sewage effluent or contamination: typically, waters low in conductivity, sodium, chloride, nitrate, ammonium, to a lesser extent sulphate, and high dissolved oxygen concentration. The water chemistry data reviewed and analysed in this study form only a snapshot of the chemical conditions. Whilst these data are likely to give an indication of long term conditions, water chemistry will vary over time. Caution must therefore be exercised when making conclusions from single time point measurements of both water chemistry and crayfish presence. Long term studies of chemical conditions and crayfish abundance are necessary to allow for conclusions to be made regarding suitable conditions for the maintenance of wild populations. Such studies have not been well documented in the literature, but they are of great importance. We strongly recommend that these records be established and made available for the wider conservation audience. Water chemistry is not the only factor affecting the distribution of A. pallipes populations, which has also become restricted in because of invasive crayfish and crayfish plague. An understanding of the association of white-clawed crayfish with specific water chemistry variables, however, can assist in locating suitable Ark Sites for the relocation of threatened populations. At present, the conservation of endangered populations of A. pallipes in the UK is believed to heavily depend upon the success of relocation to Ark Sites (e.g. Kemp et al., 2000; Whitehouse et al., 2009; Haddaway, 2010) . Based on the analysis of the papers reviewed here, we propose guidelines for suitable water chemistry of Ark Sites (Figure 3) . Ideally, these recommendations should be supported by manipulation studies to investigate the impact of different water chemistry on crayfish survival, growth, and reproduction. This may not be easy, however, since the toxicity of single water chemistry variables may not relate to habitat associations in practice. For example, Figure 2 demonstrates how concentrations of variables are often linked in rivers, in this case in the River Wharfe. Sources of agricultural (site 3) and industrial/urban runoff (sites 14 and 15) are evidenced in all three variables shown. Furthermore, the need to identify suitable Ark Sites is pressing due to the rapid migration of invasive crayfish and Chinese mitten crab, which has also recently been suggested as a possible vector for crayfish plague (Aphanomyces astaci) (Svoboda et al., 2014) , and on-going habitat degradation. In practice, it is often necessary to relocate threatened populations over short timescales. In order to make recommendations to identify Ark Sites where water chemistry is suitable, data in this review and the results of field measurements were used to plot ranges of variables where crayfish occur and provide baselines that may form guidelines for water quality. Figure 3 displays these guidelines for water quality of Ark Sites by presenting variable ranges, grand means (means of study means), and the minima and maxima for study means (minimum mean and maximum mean). In order to be certain that water chemistry of an Ark Site is suitable, water chemistry should be measured and variables should fall within the narrower buffer zone, corresponding to the range of study means for variables measured within the literature. We believe that this represents a reliable buffer zone for acceptable water quality, since populations of A. pallipes have been recorded within these values.
CONCLUSIONS
This review and empirical study highlights several variables that may have thresholds dictating crayfish distribution. These variables are; conductivity, ammonium, sodium, dissolved oxygen and phosphate, and to a lesser extent sulphate, nitrate, and total suspended solids. There is substantial variability in many variables between studies and between sites in the same study. The presence of populations in the extremes of some variables may demonstrate a tolerance for certain types of pollution, for example urban pollution, but further investigation of these populations is paramount. Investigations of the water chemistry associations of A. pallipes populations have successfully characterised many waters containing the species. However, such studies are now highly unlikely to find water chemistry as a causative factor discriminating the presence and absence of crayfish. Population losses due to crayfish plague and competition with invasive non-native crayfish will overshadow all but drastic pollution events. Whilst some populations of A. pallipes may persist over a wide range of certain variables, recommendations can be made for habitat restoration and relocation programs allowing the identification of habitats that are likely to be within acceptable ranges for threatened populations of white-clawed crayfish. The recommendations included herein are intended as a starting point for the selection of Ark Sites for relocation conservation. 
